This paper considers the relationship between the demographic mechanisms of population control and the energetics of the individuals who comprise the population. We examine the equilibrium properties of a class of structured population models in which individuals compete for some environmental resource (such as food) and demonstrate that population demography is independent of the nature of the feedback loop which establishes the equilibrium state. We thus derive general insights into the influence exerted by individual energetic and allocation strategies on population average demographic characteristics. We show that models of individual energetics which produce apparently very similar predictions at the individual level can result in very different behaviour at the population level. In addition, we article no. 0017 344 0040-5809Â96 18.00
Introduction
In recent years, steadily increasing use has been made of individualbased approaches to both population and community modelling. A wide variety of formalisms have been used, ranging from distribution-function methods (Metz and Diekmann, 1986) to individual-by-individual simulations (e.g., MacKay, 1992; Huston, 1992) . However, all these disparate projects have ultimately been motivated by the view that the dynamics of a population are the product of the dynamics of the collection of individuals of which it is composed.
Individual-based models can sometimes be successfully constructed on the basis of an empirical characterisation of the demographic contribution of each constituent individual. However, this approach is most successful when the organisms concerned are sufficiently simple for a wide range of environmental conditions to be duplicated in the laboratory (e.g., phytoplankton) or when the population is composed of large individuals whose properties can be measured in situ (e.g., a forest stand).
An alternative and more generally applicable approach is to model the mechanisms which underlie the demographic performance of individuals. Growth, survival, and reproduction all depend directly or indirectly on the aquisition and utilisation of energy and nutrients. A model of an individual's contribution to population demography (hereafter refered to as individual demography) thus has two key components; first, a relationship between the physiological state of the individual (age, length, weight, reserves, etc.) and the rate at which it can acquire resources from its environment: second, a description of the way in which ingested resource is partitioned among maintenance, growth, and reproduction. Before using any model of individual demography as the basis of a population model it is clearly prudent to test its predictions against appropriate observations. Several workers; (e.g., Kooijman, 1986 Kooijman, , 1993 Gurney et al, 1990, Ross and Broekhuizen et al., 1994) have succeeded in reproducing sets of laboratory, aquaculture, and field data on the growth and reproduction of individuals of different species. Less effort has been devoted to the development of energetically based models of mortality (notable exceptions being Anderson, 1992; Kooijman, 1993, pp. 105 112) , partly perhaps because of the relative paucity of data for testing, but also because many of the key components of mortality (predation, parasitism, etc.) are only very indirectly related to energetic considerations.
Even in the relatively well-studied area of growth and reproduction, testing an individual model requires a very large quantity of data. For example, the length at age curves predicted under constant food conditions by the Kooijman Metz allocation model (Kooijman, 1986 ) are identical to those predicted under the (apparently minor) extension proposed by Thieme (1988) . Although the two models predict fecundity at age curves which can certainly be distinguished by careful examination of the pattern of fecundity variation near the onset of reproduction, the differences are subtle enough to be easily missed unless the experimental protocol is specifically planned to reveal them.
Given the difficulty of distinguishing among a group of plausible hypotheses about individual energy allocation even on the basis of apparently good data about individual demography it becomes particularly important to know whether these subtleties matter at the population level. Suppose that a consumer population, at equilibrium, is controlled by the availability of a single resource with no other direct or indirect density dependent processes operating. The demographic properties of the individual organisms (growth, fecundity, and mortality rates) will all be set by resource availability, which is itself controlled by balance between supply (or renewal) and uptake by the consumer population. Thus, at equilibrium, the demographic properties of individuals must be strongly interdependent. For example, if the (resource independent) environmental component of mortality increases, equilibrium can be maintained only by a compensatory change in growth rate, fecundity, or the density-dependent component of mortality. Such compensation can occur as a result of an increase in the equilibrium level of resource availablity, which must necessarily affect all of the demographic characteristics of the individuals in the population.
The implication of this interrelationship is that the details of the way in which individuals allocate energy may be linked in subtle ways to changes in the demographic mechanisms by which population control is expressed. In this paper we explore this relationship, and, in particular, we identify circumstances in which a single resource-dependent demographic process will appear to be the sole agent of population control. Our primary methodology, discussed at more length in the section entitled``observable demographic characteristics,'' is to explore the sensitivity of demographic properties, which might be expected to be observable in the field, to changes in the background (environmental) component of mortality. We discuss the implications of our results for real populations, particularly those for which some characteristics (for example juvenile development time) are subject to physiological constraints.
Theoretical Framework
The equilibrium age-distribution. We consider a population within which individuals are distinguished by two physiological attributes: age (a), and an as-yet undefined index of development which we shall denote by q. We assume that the demographic characteristics of each individual are determined by its physiological state (a, q) and the effects of its environment. Provided that the population is well enough mixed for us to safely assume that all individuals experience the same environmental conditions ( ), we can write the per capita mortality, fecundity, and development rate functions as $(a, q, ), ;(a, q, ), and g(a, q, ), respectively.
The formulation of models of such populations has been extensively discussed by Metz and Diekmann (1986) , who show that if all individuals enter the population with the same development index (q R ) and experience the same environmental conditions, then all the members of any given cohort must have equal development indexes throughout their lives. This implies that the equilibrium state of such a population can conveniently be described by the combination of an equilibrium number-at-age distribution, f (a), defined so that f (a) da represents the number of individuals in the equilibrium population whose age lies in the range a to a+da, and a development-at-age function, %(a), given by
The shape of the equilibrium number-at-age distribution is related to S(a, ), the survival from recruitment to age a in constant environmental conditions , by
where
The equilibrium value of the environment parameter ( *) is determined by the renewal condition, which requires that the density of zero-age individuals be equal to the rate of production of new offspring, that is,
Substituting Eq. (2a) into Eq. (3a) and then cancelling the factor of f (0) which appears on both sides of the result yields the characteristic equation (Gurtin and McCamy, 1981) | 0
which can be solved for *. Equations (1), (2), and (3) determine the shape of the equilibrium number-at-age distribution (S(a, *)) but not its absolute size (i.e., f (0)). In addition to the foregoing equations, a complete model of a controlled population must contain a description of some feedback loop which controls the value of the environment parameter in response to the age and development distributions. Consider, for example, a case in which the appropriate choice of environment variable is the density of available resources. If new resource is introduced into the system at a rate P( ), and an individual in physiological state (a, q) consumes resource at a rate U(a, q, ), then the equilibrium state requires equality of total production and total consumption rates, that is,
Substituting from Eq. (2a) yields
The equilibrium development distribution. Individual age is often surprisingly hard to determine for individuals in large experimental populations and is frequently impossible to measure non-destructively in field populations. By contrast, suitably chosen measures of development, such as weight or length, are often readily estimated even in quite difficult circumstances. For purposes of comparison with data it is helpful to re-express our description of the equilibrium state in terms of an age-atdevelopment function :(q), and a number-at-development distribution F(q), defined such that F(q) dq is the number of individuals with development in the range q to q+dq.
The age-at-development function :(q) and the development-at-age function %(a) are related by
and the equilibrium number-at-age and number-at-development distributions obey the requirement that
Observable demographic characteristics. Although the operation of the feedback term exemplified by Eq. (4) will in general depend on the shape of the equilibrium distribution, the survival function, S(a, *), which determines this shape is not itself influenced by the feedback process. Thus the shape of the equilibrium distribution, and all the observable population level demographic characteristics which depend on it can be determined from the demographic characteristics of the constituent individuals without consideration of the feedback mechanisms which produce the environmental configuration needed to establish equilibrium. In the particular case where the onset of reproductive maturity requires the attainment of some critical value of development (q M ) we can see that the age at maturity ({), the average immature death rate ($ ), the average adult fecundity (; ), and the ratio of juvenile to adult population (N j ÂN A ) are
and
The only unknown in Eqs. (7) (10) is the equilibrium environment *. Once this has been found from Eq. (3b) we can infer the equilibrium values of average fecundity, mortality, development time, and juvenile to adult ratio. However, since we can, in principal, eliminate * between any pair of equations in the group, an alternative view is that Eqs. (7) (10) define a set of relationships between these observable demographic quantities. Because these relationships are derived by eliminating the equilibrium environment parameter, they are independent of the feedback mechanism by which the environmental equilibrium is established and depend only on the biology of the individuals who comprise the population. For the remainder of this paper we shall thus assume that an equilibrium state is established by the operation of an appropriate feedback mechanism without placing any further restriction on the nature or dynamic properties of that feedback mechanism.
Modelling Growth and Fecundity
The growth and fecundity of a food-limited organism are dependent on the rate at which food can be assimilated and on how assimilated material is apportioned between growth, costs, and reproduction. To see how model properties are related to structural assumptions about this partitioning we shall examine a group of models, all of which identify age (a) and weight (w) as the defining physiological variables. For all the models we can relate the development (growth) rate, g(a, w, ), to the assimilation rate (A), the maintenance cost rate (M), and the cost in assimilated material of producing a single offspring (W E ) by
As a simplifying assumption, we regard the material cost of an offspring, w E , as constant, and represent it by a single model parameter. All the models we shall investigate assume that individuals feed on a single source of food (density F) according to a simple type II functional response with a weight-independent half saturation concentration F H . Since they all further assume an allometric relationship, A MAX =!w p , between maximum assimilation rate and body weight, we select as our measure of individual environment
so that A(a, w, )= w P . To complete our model we must specify the cost and fecundity functions M(a, w, ) and ;(a, w, ). We follow a number of other workers (Gurney et al, 1990; McCauley et al., 1990b; Kooijman, 1993) in assuming that the basal component of metabolic costs scales directly with weight. There is debate about the possible rules which govern the division between growth and reproduction of any assimilate not required to meet basal costs. We shall therefore explore the demographic implications of four models based on contrasting views of this allocation process.
The first, which we shall refer to as the Kooijman Metz (K M) model, was proposed by Kooijman (1986) to explain von Bertalanffy growth patterns in Daphnia. Its key assumptions are v maximum assimilation rate scales with weight to the power 2Â3; v a fraction } of gross assimilate is used for the combination of growth and maintenance, the remainder being used for reproduction in mature (w>w M ) animals and for building gonads in immature animals.
A variant on this model, proposed by Thieme (1988) and hereafter refered to as the Kooijman Thieme (K T) model, assumes that the maintenance of gonads beyond maturity requires a fixed expenditure C M , which is charged against the allocation to reproduction. Although this model and the Kooijman Metz model differ only in their predictions for the resource dependence of fecundity under low-resource conditions, our investigations will show that they predict dramatically different equilibrium demography. The next allocation model, which we have adapted from the work of Paloheimo et al. (1982) and which we refer to as the Paloheimo (PCT) model, assumes that v maximum assimilation rate scales with weight; v mature animals allocate a linearly increasing proportion of net assimilate (after payment of maintenance costs) to reproduction.
It is immediately evident from the second assumption above that, in contrast to both the Kooijman models, the PCT model must predict a resource-independent asymptotic length. To help elucidate the role this feature plays in population demography we have also investigated a fourth model which shares all the features of the PCT model, except that the allocation to reproduction is modified to allow it to predict a resourcedependent asymptotic length. The critical assumptions of this model, which we refer to as the weight-dependent-fecundity (WDF) model are v maximum assimilation rate scales with weight; v mature animals have a fecundity linearly related to the amount by which their weight exceeds that at which they become reproductively mature (w M ).
The growth, maintenance, and fecundity rates implied by these four allocation models are shown in algebraic form in Table I . The corresponding age-at-weight and weight-at-age functions are given in Table II . For bookkeeping purposes our statement of the K M and K T models regards assimilate allocated to gonads by immature animals as part of maintenance costs. However, this assumption has no demographic implications at either the individual or the population level. It should be noted that we have stated the minimal set of assumptions which define the behaviour of each model at equilibrium and that additional assumptions are needed in each case to define what happens when some nonequilibrium event, such as a rapid reduction in food supply, occurs. A(a, w, )= w
2Â3
Maintance:
Weight-dependent fecundity and Paloheimo models Assimilation:
Note. These models are specified in a minimal form suitable for the calculation of equilibrium states. Additional assumptions are required in nonequilibrium situations.
All four allocation models imply superficially similar, sigmodial, growth curves under constant food conditions (Fig. 1) . In each case the weight approaches an asymptotic limit
The asymptotic weight in the Kooijman Metz and Kooijman Thieme models, whose origin lies in costs rising faster than maximum uptake rate as weight increases, is a very sensitive function of realised assimilation rate, . By contrast, the Paloheimo model envisages a constant relationship Age-at-weight:
Weight-dependent fecundity model
Age-at-weight:
Paloheimo model
. . between costs and uptake, but a switch of net production out of growth and into reproduction which is completed (hence stopping growth) at a food-independent weight. The behaviour of the WDF model lies between these two extremes; the asymptotic weight is always formally dependent on , but the sensitivity of this dependence falls as the slope of the fecundity against size curve (') rises.
Modelling Mortality
There is a considerable body of experimental observations concerning the energetics of growth and fecundity, and the literature contains a number of quite detailed mechanistic models, many of which have been subjected to a variety of comparisons with data. By contrast observations of mortality accompanied by energetic information, even under laboratory conditions, are much less extensive. Models are consequently fewer and much less rigorously tested.
It seems likely that real mortality functions are strongly age and size dependent, with the nature of that dependence often bearing a marked relationship to the individual's energetic status. However, since we have neither tested models nor general principles to guide the formulation of a strategic model of such dependency, we choose instead to consider three rather simple models.
The simplest possible mortality model is a constant per capita mortality independent of both age and weight. There are no circumstances in which such a model is wholly justified, not least because it implies no finite limit to the age to which individuals can live. However, it is a very common modelling assumption where hard information is lacking. Because such an assumption is least indefensible where the prime source of mortality is extrinsic (e.g., predation or environmental stress) we shall refer to this mortality as the background mortality $ B and write
Survival curves, even under constant food conditions, are seldom if ever exponential, but show decreasing survival per unit time as age increases. We shall investigate the effects of this phenomenon using a linear agedependent mortality model, which postulates that per capita mortality increases linearly above the environmentally defined background level once some threshold (a 0 ) has been passed; that is, we write
Where food is scarce, mortality is likely to depend on food supply. Over a range of sizes we argue that the best measure of the intensity of such effects is the ratio of assimilation rate over basal metabolic costs. We assume that the approach of this ratio to some threshold (\) indicates the onset of starvation conditions and hence of very high mortality. Thus, recalling that in all model variants we assume basal metabolic costs scale linearly with weight, we write
Numerical Investigations
Methodology. For some of the models which we shall consider in this paper, it is possible to make analytic calculations of the interrelations between demographic parameters and environment. In some cases it is even possible to derive an analytic expression for the integral in the characteristic Eq. (3b). However, in no case we have studied has it been possible to obtain a closed form solution for the equilibrium value of the environment parameter. We have therefore adopted a uniformly numerical approach to all the models studied, using standard commercially available procedures published by the Numerical Algorithms Group, Ltd. NAG (1994) . We used the routine D01AJF to evaluate the finite integral in the survival function (Eq. (2b)) followed by routine D01AMF to evaluate the semi-infinite integral in the characteristic equation (3b). Finally we used the zero-finding routine C05ADF to determine the equilibrium value of the environment parameter ( *) and hence the stable age distribution and weight-at-age function. From these distributions we inferred the average demographic characteristics defined by Eqs. (7) (10). Fig. 2 . Observable demographic characteristics of the equilibrium state for four allocation models with density-, age-, and size-independent mortality. Parameters for D. pulex are as given in Table III For each of the models, we have determined how the observable demographic characteristics of the equilibrium population vary as we change the background death rate. We are concerned with large ranges of both background death rate and demographic parameters and so we have displayed the results as log log plots. In some cases, to clarify the implications of these plots, we also plot their slope against the log of the background death rate. This slope represents the relative sensitivity of the observable concerned, that is, the ratio of the proportional change in the observable quantity to the proportional change in background death rate which causes it. To ensure that our results are not confounded by inappropriate or internally inconsistent parameter choices we have focused our investigation of each model round a complete parameter set derived from the literature for Daphnia pulex see Table III .
Age-and environment-independent mortality. In this section we consider four models, each based on one of the allocation models discussed above, together with constant (i.e. age-, weight-, and density-independent) mortality. In Fig. 2 we show typical results for these models, using the D. pulex parameter set given in Table III. Simultaneous examination of Figs. 1 and 2 shows that while the two allocation rules which operate on net production (WDF and PCT) imply very different growth trajectories, they yield essentially similar relationships between background death rate and observable demographic parameters at equilibrium. The only exception to this similarity is that there is a critical value of background death rate above which a population of individuals operating the WDF allocation rule cannot achieve equilibrium. Analytic investigation (see Appendix) reveals that this critical death rate must satisfy
The model based on the Kooijman Metz allocation rule predicts a very different pattern of variation in observable demographic parameters. As background mortality falls from a value corresponding to a lifetime of 0.2 days, the development time initially rises and the fecundity falls in much the same way as we observe under the PCT and WDF allocation rules. We note that the absolute value of fecundity is considerably higher and the development time correspondingly longer than is predicted by the first two rules because of the reduced fraction of assimilate allocated to juvenile growth by the K M rule. However, as background mortality falls to realistic values (corresponding to lifetimes of 5 days or more) the average adult fecundity becomes essentially constant. In this regime, the asymptotic weight has fallen almost to the maturation weight leading to a fecundity almost indistinguishable from that for newly matured individuals, which we denote by ; M . Equilibrium is established wholly by variation of the juvenile development period, which in this regime is given approximately by
The extreme lengthening of the juvenile development period which this phenomenon causes is illustrated by the observation that with D. pulex parameters a development period of over 90 days is required to reduce juvenile to adult survival sufficiently to establish equilibrium when $ B is 0.05 (i.e., mean individual lifetime =20 days). At background death rates above 0.5 days &1 the model based on Kooijman Thieme allocation predicts essentially the same behaviour as that based on its Kooijman Metz cousin. However, as background mortality falls its behaviour differs dramatically. Here the reduction of asymptotic length towards the maturation length acts to reduce the adult fecundity at an increasing rate (rather than the decreasing rate implied by K M allocation). This leads to fecundity becoming the dominant factor in the establishment of equilibrium. As a corollary of this effect, we see that the development times predicted by this model at very low background death rates are the lowest of all the four models we have examined.
Age-dependent mortality. Figures 3 and 4 show the behaviour of models whose allocation behaviour is described by the four models introduced above, but which have an age-dependent component of mortality, as defined in Eq. (15). Figure 3 shows the effect of mortality rising moderately steeply from age zero (*=1, a 0 =0). For all four allocation models, the variation in average juvenile death rate which now accompanies changes in the juvenile to adult development time plays a significant role in the control process. This produces a significant reduction in the value of equilibrium development time and an accompanying increase in equilibrium fecundity compared to the constant mortality case shown in Fig. 2 . In the case of the models based on the Kooijman Metz and Kooijman Thieme allocation rules we see that these quantitative changes are accompanied by a qualitative change in behaviour. In the constant mortality case, falling background mortality causes either development time (in the K M case) or fecundity (in the K T case) to become the dominant agent of equilibration. In the equivalent cases with linear age-dependent mortality, only the remnants of these effects can be discerned. Figure 4 shows the effect of an age-dependent mortality mimicking a strong senility effect. In order to exaggerate the effects produced we have set the age of onset of senility at an unrealistically low 10 days (*=10, a 0 =10). In marked contrast to the constant mortality case, all allocation models now exhibit a low background mortality regime in which adult fecundity varies only slowly with background death rate. That this effect is characteristically different from the behaviour of the Kooijman Metz variant with constant death rate is made clear by the observation that in Fig. 4 . Observable demographic characteristics of the equilibrium state for four allocation models with age-dependent mortality strongly focused on old age: $=$ B (1+*(a&a 0 ) + ), a 0 =10, *=10. Other parameters for D. pulex are as given in Table III this regime all models show a juvenile delay ({) which is only weakly dependent on background mortality.
Because our mortality formulation describes age-dependent mortality as producing a proportional increase over background mortality, the effect we are observing here is not simply due to the age-dependent death rate taking over from the background death rate as the dominant source of mortality. Rather, the system is in a state in which changes in the background mortality are compensated (or even overcompensated) by the change in total mortality induced by small changes in development time. This compensation process is strongly allocation model dependent; leading to an almost perfectly background deathrate-independent regime for the Kooijman Metz and Kooijman Thieme variants, but yielding a juvenile mortality which actually falls with increasing background death rate in the other two models. Both these two models (WDF and PCT) show a broadly similar pattern in which nominal control (as measured by relative sensitivity) is exercised by all three demographic characteristics at high background mortality, but is subsequently dominated by fecundity, then juvenile mortality, and lastly delay as background mortality drops.
Environment-dependent mortality. In Fig. 5 we show how the behaviour of the four models discussed in the first section is affected by the introduction of food-dependent mortality as defined by Eq. (16). As before, the behaviour of the weight-dependent fecundity model is very similar to that of the model based on the Paloheimo allocation rule, except for the region at high background death rates where the WDF model cannot achieve equilibrium. In both cases, a sufficient lowering of background mortality causes the equilibrium environment to fall to the point where the assimilation rate to maintenance ratio approaches the critical value \. When this happens the density-dependent component of mortality becomes a very sensitive function of environment, and changes in background mortality are accurately compensated for by opposing changes in the densitydependent mortality. The end result is that all the observable demographic characteristics (including the overall average death rate) become almost independent of background mortality. The models based on Kooijman Metz and Kooijman Thieme allocation show a low-background mortality regime in which the time to maturity and the average fecundity become essentially constant, but where the average juvenile mortality remains highly sensitive to changes in this background mortality. The reason for this distinctive behaviour is that, in contrast to the WDF and PCT models, the Kooijman Metz and Kooijman Thieme models assume that assimilation and maintenance have different allometry. Thus, when assimilation approaches the critical value in these models, it does so only for the larger individuals. This implies that while juvenile mortality remains dominated by background mortality, adult mortality rises strongly as background mortality decreases, leading to a steady shift of mortality pressure away from juveniles and towards adults. Fig. 6 shows the resulting pattern of mortality changes for the Kooijman Metz model.
Population size structure. In the proceeding three sections, to facilitate the discussion of causal mechanisms, we have concentrated on the behaviour of average values of fecundity, mortality, and development time. However, one of the measures of population demography which is most Table III . Fig. 7 . Juvenile-to-adult ratio as a function of background death rate for four allocation and four death rate models. The rows show, from top to bottom, the variation for the Kooijman Metz, weight-dependent-fecundity, Paloheimo, and Kooijman Thieme allocation models. The columns, from left to right, show the variation with constant mortality, linear age-dependent mortality, strong senility, and resource-dependent mortality.
readily observable in the field is the ratio of the abundance of juvenile individuals to that of adults. In Fig. 7 we show the variation of this ratio with changes in background mortality for all the models we have considered. No model based on either WDF or PCT allocation predicts changes in juvenile to adult ratio greater than a factor of two, and in most cases the predicted change is only a few tens of percent. In contrast, all variants of the K M model predict that changing background mortality can induce changes of up to an order of magnitude in N J ÂN A . The model with K T allocation and constant mortality predicts a similar size change in population structure, albeit in the opposite direction. However, the remaining models with K T allocation show population structure remaining essentially constant as background mortality changes.
Discussion
The mechanisms of population control. We have examined models of growth and reproduction coupled with 4 models of mortality to form a total of 16 distinct models of individual demography. The results shown in this paper have all been calculated using a set of parameters (Table III) which are loosely designed to represent D. pulex, but we have also conducted wide ranging explorations of the parameter space of an the models and have found the behaviour portrayed here to be typical.
The most consistent pattern is the strong similarity in the control behaviour between the models based on Paloheimo and weight-dependentfecundity allocation. By contrast, the models based on Kooijman Metz and Kooijman Thieme allocation predict patterns of variation in control behaviour which can differ strongly both from the WDF and PCT models and from each other. This difference is particularly marked in the case of constant mortality, where the PCT-and WDF-based models show all observable demographic parameters changing together over the entire range of death rates. In contrast, the K M model shows fecundity becoming essentially constant (and hence uninvolved in population control) at low background death rates, while the K T model shows a rapid escalation in the relative importance of fecundity in population control as background death rate falls.
The similarity in control properties between WDF-and PCT-based models occurs despite the fact that the growth curves predicted by the WDF model show strongly food-dependent asymptotic length, while the PCT model growth curves all asymptote at the (food-independent) weight at which proportional allocation to reproduction equals unity. We believe that the key similarities between the two models are, first, that both allocation rules operate on net assimilate and, second, that both models assume the same allometry for costs and maximum assimilation rate.
If the similarity between the PCT-and WDF-based models is due to these two factors we should seek the reasons for the distinctive behaviour of the Kooijman Metz-based model in these same areas. Close examination of the constant mortality case for the K M model reveals that in the low-death-rate regime the realised assimilation rate falls very close to the point at which maintenance costs are equal to that fraction of gross assimilate allocated to the combination of growth and maintenance. Since maintenance takes priority over growth, the amount of assimilate then available for growth necessarily becomes very small. This implies a very small realised growth rate and a commensurately long development time. Under such conditions, a very small proportional change in assimilation rate causes a very large proportional change in development time. However, at the same time, fecundity remains significant and relatively constant. This happens because a fixed fraction of gross assimilate (700 in our examples) is being allocated to reproduction, so that changes in assimilation rate are coupled proportionally to changes in fecundity. This clearly implies that the small changes in assimilation needed to compensate for changes in background mortality will be almost exclusively expressed as changes in development time. By contrast, the allocation rules based on net assimilate lead to development time and fecundity being strongly coupled under all conditions.
The explanation for the distinctive behaviour of the K M model under the assumption of an assimilation-rate-dependent mortality lies in a mathematically similar mechanism, this time centred on different assumptions about allometry. The PCT and WDF models both assume that costs and assimilation have the same allometry. Thus the environment-dependent mortality defined by Eq. (16) acts in an age-independent way. However, it is a fundamental requirement for growth curve saturation in the K M model that costs rise faster with weight than assimilation. The inevitable implication of this is that when applied to the K M model, food-dependent mortality acts almost exclusively on the older (i.e., adult) individuals. We see the effect of this illustrated clearly in Fig. 6 , where at high background mortality, enhanced mortality is entirely absent and all age classes show total mortality equal to the background level. At low background mortality, however, while juvenile mortality remains at the background level, adult mortality rises strongly, eventually reaching levels which totally compensate for changes in background death rate and hence cause both development time and fecundity to become independent of background mortality.
The Kooijman Metz and Kooijman Thieme-based models predict strongly similar behaviour (albeit with fecundity and delay exchanging roles) in all circumstances except constant mortality. This happens because only under constant mortality is the element in which they differ (resource control of fecundity) the main determinant of the changes we observe. As a constant background mortality declines in size both models predict that the equilibrium resource level declines towards a level at which the asymptotic weight approaches the maturation weight. At the same time, the time required to reach maturity increases and the juvenile to adult survival declines. In the K M model this process is accompanied by the fecundity tending to a constant value, so the adjustment of juvenile survival must be very extreme to produce equilibrium. In the case of the K T model the fecundity is roughly proportional to the difference between the asymptotic weight and the maturation weight, so as w approaches w M the fecundity drops faster than the juvenile survival and takes over as the main controlling process.
Implications. By examining the variation in the sensitivity of observable demographic parameters to changes in background death rate, we have been able to identify the demographic processes which would be identified observationally as being the dominant controlling influence under any given set of circumstances. However, we have shown that extrapolation of such identification outside the parameter range of observations is likely to prove misleading. Indeed, even within range of observations, safe identification requires very complete information. The contrast between the K M example in Fig. 5 and the more complete information given in Fig. 6 illustrates the potential for mistaken identification of critical process.
This study has also shown that, although the ultimate expression at the population level of assumptions made at individual level is by no means counterintuitive, the linkages can be quite subtle and are therefore relatively hard to predict in the formulation stage of a modelling enterprise. Moreover, we have shown that assumptions often substituted for detailed knowledge in unstructured population modelling (e.g., a constant death rate) are much less innocuous in the context of structured models. This all implies that the information requirements for formulating individual-based models (of any description) must be expected to be rather greater than might be anticipated on the basis of the requirements of unstructured models. It also emphasises the paramount necessity of testing and validation before any model is used for predictive purposes (cf. Murdoch et al., 1992) .
Our analysis has shown that different but still plausible assumptions about energy aquisition and allocation can lead to models which predict that any or all of the key demographic properties (fecundity, mortality, or development time) can act as the central agent of population control. However, in real populations there are often significant physiological restraints on the range of plausible values for these variables and in specific cases this may allow us to reject some allocation rules on the grounds that they imply the violation of these constraints. For example, the development time for D. pulex probably cannot vary more than about 6-fold, whereas the fecundity and mortality can vary at least 20-fold and perhaps more (McCauley et al., 1990a) . Similarly freshwater fish such as trout must generally mature by their second or third season while being able to vary their food-dependent mortality and fecundity rates by one or two orders of magnitude. A similar conclusion holds for many insects, where larval food limitation is generally expressed as small adult size rather than delayed development, and for marine fish and invertebrates. These considerations suggest that for many species, the Kooijman Metz allocation model may be a less appropriate representation than either the Kooijman Thieme model or the net assimilate models (PCT and WDF). Given that w M >w R the LHS is a monotone decreasing function of ( &m) with a singularity at ( &m)=0. The RHS is a monotone increasing function of ( &m) whose value goes to zero with ( &m). For a solution with finite value of the asymptotic length we require ( &m)<'. We are guaranteed one and only one such solution iff the value of the LHS at ( &m)=' is less than the value of the RHS at the same point. Hence, for a viable solution we require 
